We summarize the activities of the New Particles Subgroup at the 1996 Snowmass Workshop. We present the expectations for discovery or exclusion of leptoquarks at hadron and lepton colliders in the pair production and single production modes. The indirect detection of a scalar lepton quark at polarized e + e − and µ + µ − colliders is discussed. The discovery prospects for particles with two units of lepton number is discussed. We summarize the analysis of the single production of neutral heavy leptons at lepton colliders.
Introduction
With the recent discovery of a new particle at the Tevatron, one of the last holes in the Standard Model has been filled. Only the elusive Higgs boson remains undetected, and the next new particle discovery may usher in a revolution in our understanding.
The area covered by the subgroup was all new particles which are fundamental and not covered by other groups at Snowmass. This includes fermions with exotic (nonStandard Model) quantum numbers, sequential fermions (i.e. a fourth generation), and leptoquarks and diquarks. Other new particles covered by other working groups such as the Higgs boson and supersymmetric particles were omitted from our studies.
New non-fundamental (composite) particles such as excited fermions and technipions were relegated to the New Interactions subgroup [1] . A recent review of new particles and interactions can be found in Ref. [2] .
In this report we summarize the individual contributions to the New Particles subgroup. For more details the individual contributions should be consulted.
Leptoquarks
Theories attempting to unify the leptons and quarks in some common framework often contain new states that couple to lepton-quark pairs, and hence are called leptoquarks [3] . Necessarily leptoquarks are color triplets, carry both baryon number and lepton number, and can be either spin-0 (scalar) or spin-1 (vector) particles. Perhaps the most well-known examples of leptoquarks appear as gauge bosons of grand unified theories [4] . To prevent rapid proton decay they must be very heavy and unobservable, or their couplings must be constrained by symmetries. Nonetheless, much work has been devoted to signals for the detection of leptoquarks at present and future colliders [5, 6, 7, 8, 9, 10] . Searches have already been performed at LEP [11] , HERA [12] , and the Tevatron [13] . One potentially attractive source of light leptoquarks is in E 6 models where the scalar leptoquark can arise as the supersymmetric partner to the color-triplet quark that naturally resides in the fundamental representation 27. A recent review of the physics signals for leptoquarks can be found in Ref. [2] .
Leptoquarks can be sought by looking for indirect effects in low energy processes [14] .
Light leptoquarks (less than a several hundred GeV) must also satisfy strong con-straints from flavor changing neutral current processes, so that leptoquarks must couple to a single generation of quarks and leptons. The most convincing evidence for leptoquarks would come from their direct production and detection at colliders.
For the heavy leptoquarks that might be detected at the multi-TeV machines, the constraints from low energy processes do not necessarily require this, since the leptoquark's virtual contributions are suppressed by its large mass.
Various methods have been proposed to search for leptoquarks. At lepton colliders (e + e − and µ + µ − ) colliders, leptoquarks can be produced in pairs via s-channel γ and Z exchange, and by t-channel exchange of a quark. The coupling of a leptoquark is not constained by the usual gauge symmetries (it is a Yukawa coupling), so there is some model dependence that necessarily enters in some cross section calculations.
The production cross section depends sensitively on the leptoquark couplings so that the constraints depend on its quantum numbers.
Leptoquarks decay into a lepton and a quark, giving quite distinctive signals.
The signatures for leptoquark pair production are therefore: (1) two charged leptons and two hadronic jets, (2) one charged lepton, two hadronic jets and missing energy (neutrino), and (3) two hadronic jets and missing energy. For relatively light leptoquarks, the constraints from flavor-changing neutral currents generally constrain the leptoquark couplings to be within a single generation so that the leptons in the final state will be in the same family. For heavier leptoquarks (M LQ > 1 TeV) this is not necessarily the case and more exotic final states are possible.
Single production of leptoquarks is also possible. The cross sections for these processes generally depend on the unknown Yukawa coupling. The advantage in this case is that one can obtain a higher reach in leptoquark mass since kinematically one only needs center-of-mass energy to make one heavy particle.
Finally, one can look for virtual effects of leptoquarks (zero-production of leptoquarks). In this case one can exclude leptoquarks in excess of the colliders center-ofmass energy by looking for deviations from the Standard Model predictions for cross sections and asymmetries. The dominant production for leptoquarks at a hadron collider is expected to be pair production, which proceeds through QCD interactions (in either gg orcollisions) and depends only on the leptoquark spin and the fact that it is a color triplet field [16] .
For vector leptoquarks (V ), one can assume that they are the gauge bosons of an extended gauge group. Then the gV V and ggV V couplings are fixed by extended gauge invariance. The Feynman rules needed for calculating the production cross section can then be derived from the following Lagrangian[17]
Here, G µν is the usual gluon field strength tensor, V µ is the vector leptoquark field and • The vector leptoquark cross section is substantially larger than that for scalars in both pp and pp collisions since the rates for both gg → V V and→ V V are larger than their scalar counterparts. • Due to the contribution of theproduction mode, pp colliders have larger leptoquark cross sections than do pp colliders.
• At pp machines, for both vector and scalar leptoquarks, the cross sections are dominated by the gg process out to the machine's anticipated mass reach.
• In the √ s = 60 TeV pp case, theprocess dominates over gg for masses greater than about 3.0(1.8) TeV for scalar(vector) leptoquarks. In the √ s = 200 TeV pp case, theprocess dominates over gg for masses greater than about 10 (6) TeV for scalar(vector) leptoquarks. [18] , who also assume the 10 event discovery limit, while those obtained for the LHC are somewhat smaller [19] than that given by the fast CMS detector simulation described in the next section. 
Pair Production of Leptoquarks in the CMS Detector
Wrochna [19] carried out a study of the ability of the CMS detector to discover a second generation leptoquark using its muon-jet decay. The CMS detector was simulated using the package CMSJET [20] . The leptoquark, being a heavy particle, gives rise to harder muon and jet spectrums than the Standard Model backgrounds. Therefore a cut on the transverse momenta of the muons drastically reduces the background.
Other cuts to isolate the signal are discussed in Ref. [19] .
The signal and background after imposition of all the kinematic and topological cuts is shown in Fig 
Single Leptoquark Production at Lepton Colliders
Leptoquark production and identification was studied for lepton colliders by Doncheski and Godfrey [21] . The production modes often considered are pair production for e + e − and µ + µ − machines. Single leptoquark production can be arise for the eγ mode (A muon beam cannot be converted into a photon beam for kinematic reasons [22] .). Leptoquarks can be produced singly in the eγ mode, so higher masses can be probed than in double leptoquark production. e + e − scattering. Furthermore single leptoquark production can take place at e + e − and µ + µ − machines by considering Weisacker-Williams photons inside the incident leptons. The production cross section depends on an unknown Yukawa coupling g; in the contribution of Doncheski and Godfrey this coupling is chosen to be equal to the electromagnetic coupling, i.e. g 2 /4π = α em . One can also use polarization and angular distributions to determine the properties of the leptoquarks. One useful observable that has been defined [23] to isolate the spin of a leptoquark is the double asymmetry
where the first index is the final state electron helicity and the second index is the final state quark helicity. Scalar leptoquarks only contribute when the electron and quark helicities are the same, and vector leptoquarks only contribute when they are opposite. Therefore at the parton level one has the asymmetryâ LL = ±1 for scalars and vectors, and one expects this division to survive the folding in of the parton distribution functions.
A second observable for identifying leptoquarks is the left-right asymmetry, defined as
This measurement can be used to determine the chirality of the leptoquark coupling. For colliders with a center-of-mass energies above 1 TeV, the reach for single leptoquark production in this process is essentially the kinematic limit provided the planned luminosities of the machines is indeed realized. For a √ s = 500 GeV machine there are some small differences between e + e − machines and µ + µ − machines: there are larger u and d content in the photon because their mass is smaller, so an e + e − collider have a 25% higher reach than a µ + µ − collider at the same energy. However, it should be remembered that the two machines are probing different leptoquarks (first-generation versus second-generation), so that the searches are actually complementary. The discovery limits obtained by Donchecki and Godfrey [21] are given in Table 2 .
Indirect Searches for Leptoquarks
At e + e − and µ + µ − colliders, pairs of leptoquarks can be produced directly via the s-channel γ and Z exchange. The reach for the leptoquark mass for this mode is essentially the kinematic limit, i.e. M S < √ s/2. However even if a leptoquark is too massive to be produced directly, it can contribute [7, 24, 25] indirectly to the process ℓ + ℓ − →by interfering with the Standard Model diagrams as shown in Fig. 9 . The leptoquark interacts via a Yukawa coupling which can be parametrized in the form
where g is the weak coupling constant (to set the overall magnitude of the interaction) and λ L,R are dimensionless constants. P L and P R are the left-and right-handed projectors. The amplitudes for the diagrams presented in Fig. 9 have been presented for the unpolarized case in Ref. [7] , and is generalized to the case with polarization in Ref. [25] . The size of the interference effect is determined by the three parameters M S , λ L and λ R .
By examining the overall rate and the angular distribution, indirect evidence for leptoquarks can be obtained. Berger [26] examined the bounds which can be placed on the leptoquark mass including the option of polarizing the electron and muon beams. The deviations from the Standard Model appear in the total cross section and the angular distribution of the produced quarks [7] . The total cross section and the forward-backward asymmetry, A F B , amount to integrating this distribution in one or two bins respectively. The statistical significance of the signal is determined by calculating a χ 2 for the deviation from the expectation in the Standard Model [25] ,
where n SM j is the number of events expected in each ∆ cos θ = 0.1 bin in the Standard Model, and n LQ j is the number of events including the leptoquark.
The additional piece in the Lagrangian that is of relevance to us can be parametrized in the form
where g is the weak coupling constant (to set the overall magnitude of the interaction) and λ L,R are dimensionless constants. P L and P R are the left-and right-handed projectors. The size of the interference effect will be determined by the three parameters M S , λ L and λ R . Figure 10 shows the 95% c.l. bounds that could be achieved on a leptoquark with right-handed couplings (λ L = 0) at a √ s = 4 TeV e + e − collider, with nonpolarized beams and with 80% and 100% polarization of the electron beam. We have assumed integrated luminosity L 0 and efficiency ǫ for detecting the final state quarks so that ǫL 0 = 70fb −1 . Polarization from 80% to 100% roughly brackets the range that might reasonably be achievable for the electron beam. Figure 11 shows the same bounds for the case where the leptoquark has left-handed couplings (λ R = 0).
In a muon collider both µ + and µ − beams can be at least partially polarized, but perhaps with some loss of luminosity [27] . If one tolerates a drop in luminosity of a factor two, then one can achieve polarization of both beams at the level of P − = P + = 34%. It might be possible to maintain the luminosity at its full unpolarized value if the proton source intensity (a proton beam is used to create pions that decay into muons for the collider) could be increased [27] . Results for each of these three possible scenarios below in Fig. 12 for a leptoquark with right-handed couplings and in Fig. 13 for a leptoquark with left-handed couplings. In the former case polarization is useful for improving the leptoquark bounds even with a loss of two in luminosity. The curves indicate the bounds for nonpolarized beams, both µ + and µ − having polarization P is set to 34% and no reduction in luminosity, and both µ + and µ − having polarization P is set to 34% and a reduction in luminosity of a factor of two.
The area above each curve would be excluded (from Ref. [26] ). indicate the bounds for nonpolarized beams, both µ + and µ − having polarization P is set to 34% and no reduction in luminosity, and both µ + and µ − having polarization P is set to 34% and a reduction in luminosity of a factor of two. The area above each curve would be excluded (from Ref. [26] ). 7 Bilepton Searches at the NLC A new particle which couples to two Standard Model leptons has been named a bilepton, and sometimes has been called a dilepton. Cuypers and Davidson [28] have studied the discovery prospects for the NLC. They study all of the possible NLC modes, e + e − , e − e − , e − γ and γγ. For their study they assumed a luminosity which scales with energy as
in the e + e − mode. For the e − e − mode, they assume the luminosity is reduced by a factor of two compared to the e + e − mode.
The quantum numbers and couplings of the bileptons is shown in Table 4 . The numerical index indicates bileptons which are singlets, doublets or triplets under the weak SU(2) gauge symmetry, and vector bileptons also carry an index µ. Bileptons carry either zero total lepton number (and some of the Standard Model particles fall into this category), or carry two units of lepton number. See Ref. [28] for more details about their interactions.
If the NLC is operated in the e − e − mode, it can produce doubly charged bileptons in the s-channel. The signal is a pair of like-sign leptons; flavor violating processes like e − e − → µ − µ − might even be possible. IF one knows the mass of the new particle, one could try to set the center of mass energy so as to sit on the resonance. If the leptonic couplings are small, it is possible that the signal will be reduced because the bilepton width is even smaller than the beam energy spread. Cuypers and Davidson find the the 95% c.l. lower limits on the bilepton masses are of the order of
where λ ee is the coupling of the bilepton to e − e − .
Singly-charged bileptons can be produced in e − γ scattering, but there is no resonance in this case. Figure 14 shows the discovery potential found by Cuypers and
Davidson of e − γ collisions for several center of mass energies.
Singly-charged bileptons can also be pair produced in e + e − collisions. In Fig. 15 the number of expected bilepton events is shown for right-polarized e + e − collisions (the beams are polarized to eliminate Standard Model backgrounds). A viable signal is obtained all the way to the kinematic limit. 
Neutral Heavy Leptons
Kalyniak and Melo [29] have studied the production of a single neutral heavy lepton (NHL) in association with a massless neutrino in e + e − and µ + µ − colliders [30, 31, 32] .
The models considered have two new weak isosignlet neutrino fields per generation yielding three massless neutrinos (ν i ) and three Dirac NHL's (N a ) [33, 34, 35, 36] .
The Feynman diagrams are shown in Fig. 16 . The weak interaction eigenstates, ν ℓ , ℓ = e, µ, τ , are related to the neutrino mass eignestates via two 3 × 3 mixing matrices:
The cross sections are characterized by the mass of the heavy lepton M N and the mixing parameters
for ℓ = e, µ, τ . The existing constraints on the mixings are [37] 
Since the best bound occurs for the second generation, the largest possible effects that are still allowed occur at an e + e − collider. The cross section depends on various mixing parameters [29] : The maximal signal is smaller for muon colliders because of the tighter constraint on µµ mix relative to ee mix . In Fig. 18 The discovery limits for NHL masses and mixings for the special case t mix = s mix = st mix is shown in Table V for the various machines and integrated luminosities. The higher energy machines will be sensitive to mixings in the 10 −5 to 10 −6 range for much of the range of M N .
Conclusions
The New Particles Subgroup concentrated on leptoquark signals at present and future colliders. The prospects for identifying the particle by measuring its properties was also addressed. Search strategies for bileptons at the NLC and neutral heavy leptons at electron and muon colliders were described.
The signals for detection of these particles falls into three classes: direct detection by (1) single production or (2) Table 4 : Major quantum numbers and couplings of the bileptons (from Ref. [28] ).
